The organization of chromatin has a major impact on cellular activities, such as gene expression. For bacteria, it was suggested that the spatial organization of the genetic material correlates with transcriptional levels, implying a specific architecture of the chromosome within the cytoplasm. Accordingly, recent technological advances have emphasized the organization of the genetic material within nucleoid structures. Gemmata obscuriglobus, a member of the phylum Planctomycetes, exhibits a distinctive nucleoid structure in which chromatin is encapsulated within a discrete membrane-bound compartment. Here, we show that this soil and freshwater bacterium tolerates high doses of UV and ionizing radiation. Cryoelectron tomography of frozen hydrated sections and electron microscopy of freeze-substituted cells have indicated a more highly ordered condensed-chromatin organization in actively dividing and stationary-phase G. obscuriglobus cells. These three-dimensional analyses revealed a complex network of double membranes that engulf the condensed DNA. Bioinformatics analysis has revealed the existence of a putative component involved in nonhomologous DNA end joining that presumably plays a role in maintaining chromatin integrity within the bacterium. Thus, our observations further support the notion that packed chromatin organization enhances radiation tolerance.
The organization of chromatin has a major impact on cellular activities, such as gene expression. For bacteria, it was suggested that the spatial organization of the genetic material correlates with transcriptional levels, implying a specific architecture of the chromosome within the cytoplasm. Accordingly, recent technological advances have emphasized the organization of the genetic material within nucleoid structures. Gemmata obscuriglobus, a member of the phylum Planctomycetes, exhibits a distinctive nucleoid structure in which chromatin is encapsulated within a discrete membrane-bound compartment. Here, we show that this soil and freshwater bacterium tolerates high doses of UV and ionizing radiation. Cryoelectron tomography of frozen hydrated sections and electron microscopy of freeze-substituted cells have indicated a more highly ordered condensed-chromatin organization in actively dividing and stationary-phase G. obscuriglobus cells. These three-dimensional analyses revealed a complex network of double membranes that engulf the condensed DNA. Bioinformatics analysis has revealed the existence of a putative component involved in nonhomologous DNA end joining that presumably plays a role in maintaining chromatin integrity within the bacterium. Thus, our observations further support the notion that packed chromatin organization enhances radiation tolerance.
It is generally accepted that the prokaryotic cytoplasm maintains a defined order in which proteins and DNA are spatially localized so as to accurately orchestrate cellular processes (13, 22) . Bacterial chromatin is generally organized into a subcellular nucleoid structure, while in the phylum Planctomycetes, chromatin is bounded by a membrane to present a boundary analogous to the defining feature of the eukaryotic cell, the nucleus (20, 55) . Cellular compartmentalization within members of the phylum Planctomycetes thus provides novel insight into the cellular compartmentalization of bacteria and their nucleoid structures. The Planctomycetes are regarded as a rapidly evolving (56) or early-branching (4) group within the domain Bacteria and consist of budding, peptidoglycan-lacking organisms (16) . Within this phylum, Gemmata obscuriglobus exhibits a double-membrane-bounded nucleoid structure, as revealed by electron microscopy studies, termed the nuclear body (20) . Given the similarities of this compartment to the double-membrane nuclear envelope of eukaryotic cells, it has been suggested that G. obscuriglobus corresponds to the missing link between prokaryotes and eukaryotes (20, 35, 42) . Nonetheless, compartmentalization within G. obscuriglobus and the consequences of this phenomenon remain enigmatic.
A fundamental property of the organization of the genetic material is reflected in its influence on the ability of organisms to tolerate radiation. Indeed, the ability of some microorganisms to tolerate DNA lesions caused by high doses of radiation correlates with their ability to maintain the integrity of their genomic material, as exemplified by studies of highly radiationresistant bacteria, such as Deinococcus radiodurans and spores of Bacillus species (7, 18) . Such studies suggest that two primary factors promote radiation resistance: enzymatic repair pathways and physical protection of the genomic material (39) . In bacteria, two main enzymatic pathways are thought to provide protection against severe DNA damage, i.e., homologous recombination and nonhomologous end joining (NHEJ) (10, 53) . Homologous recombination is promoted by binding of the RecA protein to single-stranded DNA, forming a presynaptic filament. The filament acts as a sequence-specific DNA-binding entity, capable of scanning and binding intact homologous double-stranded DNA sites. The resulting ternary complex promotes DNA strand exchange and heteroduplex extension. This mechanism is supported by numerous studies showing the involvement of the ternary complex in the repair of doublestrand breaks (DSBs) (reviewed in references 30-32 and 47) , in addition to other DNA repair mechanisms, such as replicationdependent recombination (reviewed in references 6 and 8).
NHEJ is a crucial mechanism for recognizing and repairing DNA breaks that was considered, until recently, exclusive to eukaryotes (9, 54) . In eukaryotes, the NHEJ mechanism participates in the meiosis recombination process and in the VDJ locus rearrangement that occurs in B cells, as well in DSB repair processes (10, 53) . It was recently shown that a unique family of ATP-dependent DNA ligases (ADDLs) is present in several bacterial species, including Mycobacterium tuberculosis, Bacillus subtilis, and Agrobacterium tumefaciens, in addition to the typical NAD-dependent ligases (9, 54, 57) . In some cases, these ligases were found to be recruited by the Ku-like protein, a bacterial homologue of the eukaryotic NHEJ system Ku proteins (2, 10) . These proteins are targeted to the edges of DNA strands, keeping DNA ends in close proximity until they are ultimately ligated (43, 52) .
In addition to enzyme-based mechanisms, an alternate mode of radiation resistance is based on physical protection through the packed conformation of the genetic material. This passive form of protection is usually enlisted in states in which highenergy compounds are depleted, such as during starvation and lowered metabolic activity, causing a virtually complete inactivation of DNA repair enzymes, as in the case of dormant bacterial spores (17, 50) . A link between condensed chromatin and radiation resistance was previously suggested to promote bacterial chromatin integrity under stress conditions and in unusual cases, such as D. radiodurans (12, 34, 37) . From those studies, it was postulated that the tightly packed DNA organization of D. radiodurans chromatin, whether organized in a toroidal or two-dimensional crystal-like conformation (11, 34) , renders NHEJ repair activity feasible by enforcing spatial proximity of the DNA fragments. Therefore, NHEJ is thermodynamically favored in the case of DSB repair (19, 34) .
Here, we show that cultured G. obscuriglobus cells exposed to UV radiation exhibit a survival rate that is approximately 40 times higher than that of Escherichia coli. G. obscuriglobus can also tolerate large doses of ionizing radiation (IR), gamma rays, indicating an efficient DNA DSB repair mechanism. We have applied a variety of electron microscopy and tomography approaches suitable for biological specimens to characterize the three-dimensional (3D) organization of G. obscuriglobus internal membranes and chromatin. These analyses imply that the DNA in this organism is highly condensed. Genomic analyses have indicated the involvement of direct ligation of DSBs rather than homologous-recombination-based repair. Our observations thus support a link between highly condensed DNA structures and radiation tolerance in bacteria through direct ligation of DNA DSBs.
MATERIALS AND METHODS
Culture. Lyophilized G. obscuriglobus DSM 5831 was acquired from the German Collection of Microorganisms and Cell Cultures. Cultures were generated by inoculation of M1 medium (48) and incubation at 30°C for 5 or 10 days, as discussed in Results. E. coli strains BL21 and AB1157 were cultured in LuriaBertani (LB) medium at 37°C.
Specimen preparation. (i) High-pressure freezing, cryosubstitution, and sectioning. G. obscuriglobus was grown for 4 days in M1 medium. The culture was harvested, concentrated, and drawn into cellulose capillary tubes with an inside diameter of 200 m (28), which were cut into short segments. The cut segments were placed into 100-m-deep aluminum sample carriers, and the excess empty volume was filled with hexadecene (Sigma, St. Louis, MO). The samples were frozen in an HPM 010 high-pressure freezing machine (Bal-Tec, Liechtenstein) under a pressure of 2.1 ϫ 10 8 Pa for 250 ms. Following cryofixation, the samples were freeze-substituted (Leica EM AFS) with anhydrous acetone containing 1% OsO 4 (Electron Microscopy Supplies, West Chester, PA) for 3 days at Ϫ90°C and then warmed up to Ϫ30°C over 24 h, kept for 1 h on ice, and brought to room temperature. Samples were then infiltrated for 7 days at room temperature in a series of increasing concentrations of Epon (Electron Microscopy Supplies) in acetone (10%, 20%, 30%. . .100% Epon), followed by four exchanges of pure resin. The Epon block was sectioned (70-to 80-nm-thick sections) using a Leica UCT microtome and a Diatome Ultra 45°diamond knife. The sections were mounted on 200-or 300-mesh carbon-coated electron microscopy grids. The sections were stained with 1% uranyl acetate and lead citrate and examined on a Jeol 1230 electron microscope operating at 120 kV.
(ii) DNA-specific staining. Intracellular DNA localization was performed using the DNA-specific stain osmium ammine-SO 2 (41) . Grid-mounted thin sections of Epon-embedded bacteria were floated on 5 N HCl for 30 min at room temperature, washed with distilled water, and treated with osmium ammine-B (Polysciences) in 8 N acetic acid and 40 mM sodium metabisulfite for 1 h at 37°C. The sections were then thoroughly rinsed with distilled water, dried, and studied without additional staining.
(iii) Fully hydrated (vitreous) cryosectioning. G. obscuriglobus cultures grown to logarithmic and stationary phases were harvested by centrifugation at 4,000 ϫ g for 5 min and resuspended at a 1:1 ratio in fresh culture medium containing 40% (wt/vol) dextran (M r , 100,000 to 200,000; product D-4876; Sigma, St. Louis, MO). The suspension was drawn into copper capillary tubes with an inside diameter of 250 m. The suspension in the capillary tube was vitrified using an EMPact hyperbaric freezer (Leica Microsystems, Vienna, Austria), as described by Studer et al. (50a) . After the sides were trimmed from the copper tube, sections with a nominal thickness setting of 50 nm, 85 nm, 100 nm, or 150 nm were cut using a Leica UC6 microtome and cryo 25°or 35°diamond knives (Diatome, Biel, Switzerland). An ionizer was positioned close to the knife's edge to facilitate gliding of the sections. Ribbons of sections were transferred to bare 200-mesh copper grids (Polysciences, Warrington, PA) and attached by pressing them between two polished ceramic plates. The loaded grids were stored in liquid nitrogen until tomography was performed.
(iv) Cryoelectron tomography of vitrified sections and image processing. Sample-containing grids were cryotransferred into a Tecnai Polara electron microscope operating at 300 kV and equipped with a Gatan postcolumn GIF energy filter. Tomographic tilt series were acquired at 2°intervals over an angular range of Ϫ64°to ϩ64°at an underfocus of Ϫ15 m (24). The projection image was recorded on a 2K charge-coupled-device camera. The tilt series were aligned by cross-correlation, and the tomographic volume was reconstructed by a weighted back-projection algorithm as implemented in the EM software package (26) .
For 3D visualization purposes, the tomogram was processed using an anisotropic-diffusion denoising algorithm to increase the S/N ratio (15) . Image segmentation and isosurface rendering were performed with the Amira 3.1 software package.
Radiation procedures. (i) UVC radiation.
A 5-day-old G. obscuriglobus culture was harvested and filtered through Whatman Nuclepore 5-m filters in order to eliminate cell aggregates. The filtered culture was placed on ice until irradiation was performed. Radiation tolerance experiments were performed by exposing the culture to a series of increased irradiation durations. Five-milliliter aliquots from the same batch were placed in sterile petri dishes for each exposure. The bacteria were irradiated under continuous agitation at 100 rpm in a fixed diameter via a polychromatic UV source (Philips; Holland UVC 15W G15T8; maximum, 254 nm). An unexposed control replica tube with the same culture was kept on the side.
After each irradiation, the exposed and unexposed cultures were serially diluted (by a factor of 10) in cold fresh medium, and the appropriate dilutions from each series were plated on M1 agar plates. The plates were incubated at 30°C for 18 days until colonies became visible for counting (Suntex [Taiwan] colony counter 570).
A logarithmic-phase E. coli BL21(DE3) culture (optical density, ϳ0.6) was irradiated under the same conditions as G. obscuriglobus as an additional control. Exposed and unexposed E. coli cultures were also diluted in a similar manner and plated on LB agar plates. The plates were incubated overnight at 37°C, and the colonies were counted. For each irradiation dose, the so-called "relative survival value" was calculated by dividing the numbers of culture CFU from irradiated cultures by the corresponding control culture CFU and multiplying by 100%. A radiation tolerance (relative survival as a function of the radiation dose) curve was produced using Origin 6.1 software (OriginLab Corporation) for both G. obscuriglobus and E. coli based on the colony-counting data.
(ii) IR. The same culture conditions described above for UVC radiation experiments were used. Tubes were irradiated by a 60 Co radioactive source for approximately 50 min. The estimated dose was 1,000 to 1,200 Gy. A set of replica tubes were left unexposed as a control. After irradiation, the exposed and unexposed cultures were serially diluted in cold, fresh medium, and the appropriate dilutions from the series were plated onto M1 agar plates. The plates were incubated at 30°C for 18 days, at which time colonies were visible for counting. A logarithmic-phase E. coli BL21(DE3) culture (optical density, ϳ0.46) was irradiated in the same manner as G. obscuriglobus to serve as a control. Exposed and unexposed E. coli cells were also diluted in a similar manner and plated onto LB agar plates. The plates were incubated overnight at 37°C, after which the colonies were counted.
Bioinformatics analysis. A partial genome sequence of G. obscuriglobus based on shotgun analysis was provided by The Institute for Genomic Research. Sequences of the proteins of interest were identified using tBLASTn. Homologous sequences showing high fidelity rates (low E values and high percentages of amino acid similarity) were recorded, and the open reading frames (ORFs) were searched for using the NCBI ORFinder applet. When an ORF was determined in the suspicious region, its translational frame was compared to the frame of the homologous sequence achieved by the BLAST search. Multiple alignments were performed using the ClustalW applet, aligning the homologous predicted protein of G. obscuriglobus with accession numbers gi 15608078 and 2633694.
RESULTS
To acquire deeper insight into the organization of the double-membrane system of G. obscuriglobus, we examined actively growing 4-day-old cells using cryoelectron tomography of vitrified sections (CETOVIS) (25) . Such analysis allowed us to define the 3D organization of the internal membranes in a fully hydrated, close-to-native state (1) . A complex double-membrane system emanating from the intracytoplasmic membrane was elucidated (Fig. 1) . A rendered view of such a network, shown in stereo (Fig. 1C) , highlights the complexity of the membrane network, implying that the bacterial nucleoid is not completely sealed by the double-membrane system. The internal membrane system is fully continuous with the intracytoplasmic membrane, presumably formed by membrane invaginations. This observation is in agreement with earlier studies showing connections between the compartments, confirmed here by means of electron microscopy imaging of sections from freeze-substituted and polymer-embedded preparations (20) ( Fig. 2A and B) .
G. obscuriglobus presents a condensed-chromatin organization. In many bacterial species, the chromatin usually appears in electron micrographs as an amorphous, ribosomefree space distributed irregularly throughout the cytoplasm. Such dispersed chromatin distribution reflects a relatively small extent of chromatin condensation, consistent with a state of high metabolic activity and ongoing DNA transcription (27, 46) .
Using DNA-specific staining, we found that the chromatin of G. obscuriglobus is condensed in specific and distinct positions within the cell (see Fig. S1 in the supplemental material). Figures 2A and B show sections through the midplane of the bacterium. In such a view, all canonical components of the cell are detected, including the plasma membrane, an intracytoplasmic membrane, an internal double-membrane system, glycogen storage particles (51), and ribosomes, distributed in both compartments (35) . Large, electron-dense, ribosome-free regions are also present, revealing a "nested-arches" structure ( Fig. 2) typical of liquid crystalline DNA organization (33, 45) , as was indeed confirmed by DNA-specific staining (see Fig. S1 in the supplemental material). Our results further support the notion that G. obscuriglobus exhibits multiple nucleoid domains enclosed by a double-membrane system. The heterogeneity in the multiple chromatin domains presumably stems from the specific growth state of the bacteria and the sectioning plane. These results thus encouraged us to further look for a plausible physiological function of highly condensed DNA.
G. obscuriglobus is highly resistant to UVC radiation. Accumulating experimental evidence (34, 44, 58) implies that a condensed-chromatin organization usually corresponds to enhanced tolerance for DNA-damaging factors. To assess a possible link between chromatin condensation and UV radiation tolerance in G. obscuriglobus, we exposed the bacteria to various doses of UV light.
We irradiated 5-day-old cultures with elevated UVC doses, with a constant flux of 2.28 J/m 2 s. Survival rates were estimated by quantifying CFU. Since G. obscuriglobus tends to develop clumps, the culture was filtered prior to exposure and plating, thereby allowing measurement of the behavior of individual cells. The relative radiation tolerance of a given microorganism is defined by the D 37 and D 10 values, reflecting the exposure dosage that causes the population to decrease to a level of 37% or 10% of the initial density, respectively. (21) . During this experiment, E. coli BL21 was irradiated and used as a reference point; however, we verified that wild-type E. coli (AB1157) behaved similarly (see Fig. S2 in the supplemental material).
G. obscuriglobus can tolerate high doses of IR. Since the nature of DNA damage is diverse, including single-strand breaks and formation of thymidine dimers and DSBs, and since the repair pathways involved in each damage type are different, we examined the effect of typical DNA DSB lesions caused by IR on the capability of G. obscuriglobus to reproduce. Actively dividing and stationary cells, corresponding to 5-and 10-dayold cultures, respectively, were exposed to IR from a 60 Co source. Table 1 shows that G. obscuriglobus is capable of reproducing following exposure to doses ranging from 500 to 1,000 Gy.
Variations in survival rates were observed between the 5-and 10-day-old G. obscuriglobus cultures, consistent with radiation tolerances found in other radio-resistant bacteria (29) . At a dose of 500 Gy, the relative survival rate for the 5-day-old culture was 83.6%, while in the 10-day-old culture, the survival rate was 97%. The relative survival rates of 1,000-Gy-irradiated cultures were 40.3% for the 5-day-old culture and 61.4% for the 10-day-old culture. Cells from a stationary-phase culture were more resistant to radiation, in agreement with previous studies of other systems, such as D. radiodurans (49) . The measured relative survival rates show that G. obscuriglobus viability deteriorated by less than an order of magnitude in response to such IR doses. Thus, it can be postulated that the IR D 37 value for actively growing cultures of G. obscuriglobus is slightly higher than 1,000 Gy. This estimated D 37 value is 15 times higher than the value for wild-type strains of E. coli (38) .
Genomic analysis reveals high homology among the ATPdependent DNA ligases (ADDL) of G. obscuriglobus, M. tuberculosis, and B. subtilis. G. obscuriglobus cells show extensive tolerance for UVC radiation and IR. Recently, it was suggested that the maintenance of a tightly packed genome in the bacterium D. radiodurans and other members of the same genus is responsible for the enhanced repair capabilities of these species (58) . A tight alignment of DNA strands would restrict damaged DNA fragments from diffusing following exposure of bacteria to IR, UVC, or DSB-inducing chemicals (34) . In such a scenario, error-free joining of DNA ends generated at a break site through an NHEJ-like repair mechanism would be enhanced. Since the repair of double-stranded DNA breaks may occur through either homologous recombination or NHEJ, we explored the G. obscuriglobus genome for genes participating in either repair system. This bioinformatics-based approach revealed that the G. obscuriglobus genome contains gene sequences homologous to those for RecA, RecB, and RecD. No homologue of the ␥ subunit of the RecBCD enzyme, RecC, was detected. Similar searches for genes involved in the NHEJ mechanism revealed sequences presenting domain homology to members of a family of ADDL, proteins that possess functional ligation activity in M. tuberculosis and B. subtilis (23, 54) (Fig. 4) . The predicted G. obscuriglobus protein shows ϳ30% amino acid identity and 44% similarity to the M. tuberculosis DNA repair ligase protein (Lig Mt ) and is predicted to contain an ADDL domain. In contrast, Ku-like proteins, which participate in the conjugation of adjacent DNA strand edges (10), were not found.
The predicted G. obscuriglobus DNA repair ligase protein has an apparent molecular mass of 58.4 kDa, whereas the M. tuberculosis LigD Mt homologue protein has a mass of 83.6 kDa. This mass difference is significant, as it enhances the accessibility of the smaller ADDL to the DNA breaks within the condensed DNA environment.
DISCUSSION
Compartmentalization within prokaryotic cells is not a common phenomenon. Nevertheless, G. obscuriglobus has evolved a Five-and 10-day-old cultures of G. obscuriglobus and logarithmic-phase E. coli cultures (optical density, 0.4 to 0.6) were harvested and irradiated with 500-and 1,000-Gy doses emitted from a radioactive 60 Co source. The CFU were examined, and relative survival values were calculated by dividing the irradiated culture CFU by the untreated control culture CFU. an impressive 3D network comprising a double-membrane system. Despite this double-membrane network surrounding the genomic material, ribosome-like particles have been detected in both the nuclear body and riboplasm compartments (35) . In agreement with our data and the nuclear nature of eukaryotic cells, the double-membrane network of G. obscuriglobus cells emanates from the intracytoplasmic membrane to form unsealed compartments. At rather large defocus values, the application of cryoelectron tomography to freeze-hydrated sections emphasizes the membrane structure and therefore allows easy characterization of the double-membrane system in a close to life state (Fig. 1) . Complementary approaches, such as freeze-substitution (14) , enable detailed insight into the G. obscuriglobus cellular organization (Fig. 2) . Unfortunately, membranes in bacteria stain poorly, making it a challenging task to draw accurate conclusions about their organization and the nature of their cellular compartmentalization. The diverse habitats of G. obscuriglobus may have induced the bacterium to evolve a versatile mechanism allowing it to cope with different physiological, environmental, and stress conditions. In this study, we have evaluated the capability of the organism to survive under stress conditions by studying resistance to UVC and IR. Our irradiation experiments revealed the impressive capability of the bacteria to cope with potent sources of DNA damage. Specifically, we showed that G. obscuriglobus may tolerate large doses of UVC radiation, similar to the doses endured by members of the genus Deinococcus. Though the functional connection between enhanced tolerance for UV-induced damage and condensed DNA structures has yet to be demonstrated, several studies (34, (38) (39) (40) 58) imply such a connection.
A link between condensed chromatin and radiation resistance was demonstrated for IR within bacteria (18, 58) . In keeping with this correlation, G. obscuriglobus cells are reported here to tolerate impressive dosages of IR and to exhibit a condensed-chromatin organization (Table 1 and Fig. 2 ), resembling other radio-resistant bacteria, such as members of the genus Deinococcus.
Genomic analysis has indicated that G. obscuriglobus does not contain a RecC homologue. The absence of this subunit is intriguing, since RecBC plays an essential role in homologous recombination. Surprisingly, D. radiodurans has also been shown to lack the RecBC complex (36). These findings emphasize the ability of some bacteria to tolerate high radiation levels even in the absence of key components of the homologous-recombination machinery. Moreover, the alternative yet common mechanism for homologous recombination involving products of the addAB gene cassette (5) is also absent in G. obscuriglobus. Though homologous recombination is considered to be the main mechanism by which bacteria deal with DSBs, it is not clear how G. obscuriglobus could conceivably pursue homologous DNA repair without the complete set of required genes. Moreover, our data, like those of previous studies (20) , emphasize the internal membrane network that encloses the DNA and provides a physical barrier, a spatial arrangement that would limit the efficiency of homologousrecombination-based DNA repair to a single compartment. Therefore, it is plausible that an alternative pathway has evolved in G. obscuriglobus to cope with DNA damage.
The highly radio-resistant bacterium D. radiodurans has four internal compartments, each of which contains an individual copy of the genome during stationary phase, thus reducing the probability of these redundant genomes interacting and utilizing a homologous-recombination repair process. It was suggested, therefore, that these bacteria utilize NHEJ as a central mechanism to resist high doses of radiation, in agreement with the condensed nature of the D. radiodurans chromosome (11, 34) . Consequently, the comparable membrane barriers within G. obscuriglobus may reduce the feasibility of homologous recombination with the heavily condensed chromatin arrangement, making the NHEJ pathway the mechanism of choice for repairing DNA lesions. Indeed, we have shown the putative existence of an ADDL protein, a key player in direct DSB repair, involved in the DNA repair mechanism of several bacteria exhibiting condensed chromatin (3, 23, 54 (12, 38) . In summary, we have shown here the application of several electron microscopy techniques to study the bacterium G. obscuriglobus. In doing so, we revealed the existence of a complex double-membrane system emanating from the internal cell membrane of the bacterium. Although we have acquired novel insight into the intracellular organization of these bacteria, the function of the double-membrane system and the manner by which G. obscuriglobus organizes its genomic material remain unclear.
